Introduction
============

There is a great need for new treatments for cognitive disorders, and group II metabotropic glutamate receptors (mGluR2/3) have become a focus for potential therapeutics.^[@bib1],\ [@bib2]^ Although initial trials with mGluR2/3 agonists have had mixed results,^[@bib3],\ [@bib4],\ [@bib5],\ [@bib6],\ [@bib7]^ data increasingly indicate that changes in mGluR3 are associated with schizophrenia and aging,^[@bib8],\ [@bib9],\ [@bib10],\ [@bib11],\ [@bib12],\ [@bib13],\ [@bib14],\ [@bib15],\ [@bib16],\ [@bib17],\ [@bib18],\ [@bib19],\ [@bib20],\ [@bib21],\ [@bib22]^ encouraging this treatment strategy. Clinical trials were originally based on data from rodent models.^[@bib23]^ However, the vast evolutionary expansion of the prefrontal association cortex^[@bib24],\ [@bib25]^ suggests that understanding mGluR2/3 actions in primates may be key to translational success.

mGluR2/3 couple to Gi/Go and inhibit cAMP signaling.^[@bib26]^ These receptors typically provide negative feedback on glutamate actions: presynaptic mGluR2/3 inhibit glutamate release,^[@bib27]^ while in glia, they increase glutamate uptake from the synapse by increasing the expression of glial glutamate transporters.^[@bib28]^ However, postsynaptic mGluR2/3 have also been observed, for example, mGluR3 in dendritic spines of hippocampal dentate granule cells, close to the glutamatergic synapses.^[@bib29]^ Postsynaptic mGluR3 in CA3 pyramidal neurons have been reported to increase excitability by inhibiting K^+^ conductance.^[@bib30]^ The current data indicate that mGluR2/3 may also have a prominent, postsynaptic role in the newly evolved layer III circuits of the primate dorsolateral prefrontal cortex (dlPFC), which mediate working memory.

The dlPFC subserves our highest order cognitive abilities, generating the mental representations needed for working memory, abstract reasoning and executive functions.^[@bib31]^ The cellular basis of working memory in primate dlPFC has been studied extensively using visuospatial working memory paradigms ([Figure 1a](#fig1){ref-type="fig"}), where the location of a cue must be remembered over a delay period of several seconds. Recordings from dlPFC uncovered 'Delay cells' that generate spatially tuned, persistent firing across the delay period when there is no sensory stimulation ([Figure 1b](#fig1){ref-type="fig"}). This firing arises from recurrent excitation within pyramidal cell microcircuits in deep layer III of primate dlPFC ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}), through *N*-methyl-[d]{.smallcaps}-aspartate receptor (NMDAR) glutamatergic synapses on dendritic spines.^[@bib32]^ The strength of these NMDAR connections is dynamically modulated by postsynaptic cAMP-calcium signaling, which opens potassium channels near the synapse, rapidly weakens connectivity, reduces Delay cell firing and impairs working memory ([Figure 1c](#fig1){ref-type="fig"}).^[@bib33]^ Conversely, treatments that inhibit cAMP signaling in spines strengthen connectivity, enhance Delay cell firing and improve working memory.^[@bib34],\ [@bib35]^ Thus, if mGluR2/3 are localized postsynaptically on spines in primate dlPFC, stimulation of mGluR2/3 may inhibit cAMP signaling and enhance Delay cell firing.

The integrity of dlPFC circuitry and the proper regulation of cAMP signaling are essential for healthy mental functioning,^[@bib33]^ but they are altered in both age-related and psychiatric cognitive disorders. dlPFC function declines with age in both humans and monkeys, including age-related reductions in persistent neuronal firing because of disinhibited cAMP-potassium channel signaling and spine loss.^[@bib36],\ [@bib37]^ Interestingly, mGluR2/3 expression decreases with advancing age in human dlPFC,^[@bib22]^ suggesting that reduced mGluR2/3 actions may contribute to disinhibited cAMP signaling and age-related cognitive decline.

Schizophrenia is also associated with profound dlPFC dysfunction, including reduced blood oxygen level-dependent (BOLD) signals during working memory that correlate with thought disorder.^[@bib38]^ Neuropathological studies have shown that deep layer III of dlPFC is especially afflicted in schizophrenia, with reduced neuropil,^[@bib39],\ [@bib40]^ marked spine loss^[@bib41]^ and compensatory weakening of GABAergic lateral inhibition.^[@bib42]^ Schizophrenia is associated with insults to glutamate NMDAR actions^[@bib43],\ [@bib44]^ and with disinhibited cAMP signaling, for example, disrupted in schizophrenia 1 would anchor phosphodiesterase 4A in dlPFC spines, positioned to regulate the positive feedback cycle of cAMP-PKA-calcium signaling.^[@bib45],\ [@bib46]^ Insults to disrupted in schizophrenia 1 and phosphodiesterase 4A are linked to increased risk of illness.^[@bib47],\ [@bib48]^ Importantly, genetic alterations in mGluR3 are increasingly linked to schizophrenia,^[@bib8],\ [@bib9],\ [@bib10],\ [@bib11],\ [@bib12],\ [@bib13],\ [@bib14],\ [@bib15],\ [@bib16],\ [@bib17],\ [@bib18],\ [@bib19],\ [@bib20],\ [@bib21]^ including altered dlPFC activation and poorer cognitive performance.^[@bib9],\ [@bib11]^ In particular, there is reduced mGluR3 protein in schizophrenia dlPFC, and an increase in GCPII, the enzyme that catabolizes the endogenous mGluR3 ligand, NAAG.^[@bib20]^

mGluR2/3 agonists have been a focus of drug development for schizophrenia, based on findings that NMDAR antagonists increase, whereas mGluR2/3 agonists decrease, glutamate release in rodent medial PFC.^[@bib23],\ [@bib27],\ [@bib49]^ However, the results of clinical trials have been mixed,^[@bib3],\ [@bib4],\ [@bib5],\ [@bib6],\ [@bib7]^ emphasizing the need for understanding mGluR2/3 actions in primate dlPFC. Here we examined mGluR2/3 mechanisms in the dlPFC of rhesus macaque monkeys. Immunoelectron microscopy revealed their subcellular localization in layer III circuits. The effects of mGluR2/3 stimulation on neural firing patterns were examined using iontophoretic application of drugs directly onto dlPFC Delay cells, while monkeys performed a spatial working memory task. Parallel behavioral studies examined the effects of systemic administration of mGluR2/3 agents on cognitive performance in young adult and aged monkeys, and intra-PFC administration in rats. We report that besides their proverbial presynaptic and glial localization, postsynaptic mGluR2/3 are overtly expressed on dendritic spine synapses in layer III dlPFC. Consistent with this pattern of localization, mGluR2/3 agonists produced an inverted-U effect on both the neuronal representation and the behavioral performance of working memory, where low doses enhanced neuronal firing and cognitive performance. These results suggest that low doses of mGluR2/3 agonists have therapeutic potential for cognitive disorders, and that they may act by strengthening postsynaptic connections in dlPFC.

Materials and methods
=====================

All research was conducted under the guidelines of the NIH and Yale IACUC.

Immunoelectron microscopy
-------------------------

Four adult female rhesus macaques (9--11 years) were perfused transcardially with artificial cerebrospinal fluid, followed by 4% paraformaldehyde, 0.05% glutaraldehyde and 0.18% picric acid in 0.1[m]{.smallcaps} phosphate buffer. The brains were vibrosliced coronally at 70 μm, and sections of dlPFC were processed for peroxidase or gold immunocytochemistry. mGluR2/3 were labeled with rabbit antibodies against a 13-amino-acid sequence of the shared C terminus of mGluR2 and mGluR3 (0.8 μg ml^−1^; ab6438; Abcam, Cambridge, MA, USA), thus marking the cytoplasmic aspect of the plasma membrane ([Figure 2](#fig2){ref-type="fig"}). Quantitative assessments were performed on peroxidase-labeled material using random, 21.6 μm^2^ fields of the dlPFC neuropil (original magnification x30 000), captured from the 4th surface-most ultrathin section of each plastic block: 5 fields per block and 5 blocks per brain. Detailed procedures have been described in Paspalas *et al.*^[@bib50]^

Electrophysiology and iontophoresis
-----------------------------------

Two adult male rhesus macaques (14 and 16 years) were trained to perform an oculomotor delayed response task, a test of visuospatial working memory. In this task, the monkey remembers the location of a briefly presented cue over a delay period, and makes an eye movement to the correct location to receive liquid reward ([Figure 1a](#fig1){ref-type="fig"}). The cued location varies from trial to trial, requiring constant updating of the spatial information held in working memory. Single-unit recordings of Delay cells ([Figure 1b](#fig1){ref-type="fig"}) were conducted in dlPFC, at the caudal principal sulcus, essential for oculomotor delayed response performance. Following stable recording under control conditions, mGluR2/3 agents were applied via iontophoresis; small electrical currents (5--100nA) delivered minute amounts of drug to the recording site insufficient to alter behavior. The following drugs were used: the mGluR2/3 agonists, (2R, 4R)-APDC or LY379268, the mGluR2/3 antagonist, LY341495 disodium salt, and the cAMP analog, 8-Br-cAMP sodium salt. All agents were from Tocris Bioscience (Minneapolis, MN, USA), and were dissolved in distilled water (pH adjusted to 7.5--8.5 for APDC and LY379268). *d′* was calculated as a measure of the strength of spatial tuning using the formula: Detailed methods for electrophysiology and iontophoresis have been described in Wang *et al.*^[@bib32]^ and Yang *et al.*^[@bib51]^

Behavioral assessments
----------------------

### Monkey systemic administration

The effects of systemically administered mGluR2/3 agents were examined in younger (7--17 years) and aged (18--30 years) adult female and male rhesus macaques. Monkeys were trained on a manual spatial working memory task in a Wisconsin General Testing Apparatus.^[@bib52]^ The delay lengths were adjusted for each animal so that they had a stable baseline performance of 60--80% correct. Drugs were delivered primarily by intramuscular injection, except for two monkeys who were able to receive oral administration because of reliable ingestion of the compound. A wide range of doses of the mGluR2/3 agonists APDC (0.0001--1.0 mg kg^−1^) or LY379268 (0.0001--0.05 mg kg^−1^) was administered 60 min before testing and compared with vehicle control. To test for actions at mGluR2/3, the antagonist LY341495 (0.01--0.1 mg kg^−1^) or vehicle was administered 120 min before testing. Drugs were dissolved and diluted in saline for intramuscular injection or in water for oral administration, except for LY341495, which was dissolved in dimethyl sulfoxide and then diluted with saline/water.

### Rat intra-PFC infusion

The effects of mGluR2/3 agents in rats were tested through direct drug infusions into the medial PFC. Young male Sprague--Dawley rats (5--14 months) were implanted with chronic infusion cannulae directed above the prelimbic PFC (anterior--posterior +3.2 mm; medial--lateral ±.75 mm; dorsal--ventral −4.2 mm). Rats were trained in a delayed alternation task in a T-maze. The animals started at the bottom of the 'T' and were rewarded for entering either arm for the first trial. In each subsequent trial, they were rewarded only for choosing the arm that they had not visited in the previous trial. Between trials, they were picked up and returned to the start box and waited over a delay period. Thus, they had to update and maintain spatial information over the delay period for each trial. The delay lengths were adjusted for each rat to maintain a stable baseline of 60--80% before treatment. A range of doses of APDC (0.0001--0.01 μg/0.5 μl, which is 1.15--115 μ[m]{.smallcaps}) was infused bilaterally into PFC (0.5 μl per side) 15 min before testing and compared with saline vehicle.

All agents were purchased from Tocris Bioscience. After an initial assessment that higher doses of drug were safe, dose administration was randomized. The experimenters testing the animals on cognitive tasks were blind to drug treatment condition. Detailed behavioral and pharmacological methods have been described in Gamo *et al.*^[@bib53],\ [@bib54]^

Statistical analysis
--------------------

Data were analyzed using the IBM SPSS Statistics version 23 (IBM, Armonk, NY, USA) and MATLAB (The MathWorks, Natick, MA, USA). Statistical analysis of drug effects in the electrophysiological and behavioral experiments all used within subjects comparisons, with repeated one- or two-way analysis of variance (ANOVA) or two-tailed, paired-samples *t*-tests. The number of animals used was informed by previous studies, and assumptions for specific statistical tests were met. *P*\<0.05 was predetermined as the threshold for statistical significance.

Results
=======

Subcellular localization of mGluR2/3 in primate dlPFC
-----------------------------------------------------

Immunoelectron microscopy of mGluR2/3 revealed a complex expression pattern with pre- and postsynaptic as well as glial localization in layer III of the primate dlPFC; quantitatively summarized in [Figure 2g](#fig2){ref-type="fig"}.

Presynaptic mGluR2/3 were most commonly observed. Glutamatergic-like axons expressed mGluR2/3 autoreceptors extrasynaptically and perisynaptically at membranes flanking asymmetric synapses ([Figure 2a](#fig2){ref-type="fig"}) as well as within the synapse ([Figure 2b](#fig2){ref-type="fig"}), the former allowing the detection of glutamate spillover beyond the active zone. Bundled intervaricose segments (i.e. preterminal axons) were also labeled for mGluR2/3 ([Figure 2c](#fig2){ref-type="fig"}).

Postsynaptic expression of mGluR2/3 was predominantly in the spines and seldom the shafts of dendrites. In spines, receptors were visualized within the active zone of the synapse or more commonly perisynaptically ([Figure 2c](#fig2){ref-type="fig"}). mGluR2/3 were also observed at extrasynaptic sites in spines, where they selectively marked the plasma membrane facing the spine apparatus (i.e. the calcium-storing extension of smooth endoplasmic reticulum into the spine) ([Figures 2c and d](#fig2){ref-type="fig"}). Hence, postsynaptic mGluR2/3 are well positioned to inhibit the calcium-cAMP signaling in dlPFC layer III spines and strengthen network firing. As shown in [Figure 2e](#fig2){ref-type="fig"}, an individual glutamatergic-like axospinous synapse could be expressing both pre- and postsynaptic mGluR2/3, a possible substrate for inverted-U influences on neuronal firing (see below).

Astrocytic processes were distinctly labeled, accounting for the second most prevalent mGluR2/3-expressing cellular profile. Particularly, mGluR2/3 were found at the perisynaptic astrocytic processes ensheathing glutamatergic-like axospinous and rarely axodendritic synapses, where they are positioned to regulate glial uptake of glutamate from the synaptic cleft ([Figures 2a and f](#fig2){ref-type="fig"}).

mGluR2/3 actions on working memory-related activity in primate dlPFC
--------------------------------------------------------------------

### mGluR2/3 stimulation has an inverted-U effect on Delay cell firing

We first examined the effect of the mGluR2/3 agonist APDC on Delay cell firing. As illustrated in [Figure 3a](#fig3){ref-type="fig"}, iontophoresis of a low dose of APDC (15 nA) increased Delay firing preferentially for the neuron's preferred direction, leading to stronger neuronal representations of visuospace, whereas a higher dose (60 nA) lowered the firing rate.

At the population level (*n*=43), low doses (5--15 nA) of APDC significantly enhanced Delay cell firing during the delay period for the neurons' preferred directions ([Figures 3b and c](#fig3){ref-type="fig"}; *t*~dep~(42)=-5.132, *P*\<0.001). The increased firing was greater for the neurons' preferred direction than for nonpreferred directions, leading to enhanced spatial tuning ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}; repeated two-way ANOVA, F~direction\ ×\ drug~(1,42)=16.479, *P*\<0.001). Tuning was also improved as quantified by *d*′ ([Figure 3d](#fig3){ref-type="fig"}; *t*~dep~(42)=−4.548, *P*\<0.001). Thus, low doses of APDC enhanced the neural representation of visuospace.

In a subset of Delay cells (*n*=16), we additionally tested higher APDC doses (20--100 nA). There was a significant reduction of Delay firing compared with low doses ([Figure 3c](#fig3){ref-type="fig"}; *t*~dep~(15)=2.996, *P*=0.009), which was also reflected in decreased spatial tuning quantified by *d*′ ([Figure 3d](#fig3){ref-type="fig"}; *t*~dep~(15)=5.007, *P*\<0.001).

Overall, APDC produced an inverted-U dose--response on Delay firing ([Figure 3c](#fig3){ref-type="fig"}; Huynh--Feldt-corrected repeated one-way ANOVA, F(1.532,22.977)=4.321, *P*=0.034); quadratic trend, F(1,15)=19.344, *P*=0.001). An inverted-U effect was also observed for spatial tuning quantified by *d*′ ([Figure 3d](#fig3){ref-type="fig"}; repeated one-way ANOVA, F(2,30)=6.906, *P*=0.003; quadratic trend, F(1,15)=13.038, *P*=0.003). We also calculated a normalized dose--response curve with all the neurons and all the doses tested, which demonstrated enhancing effects on Delay firing and *d′* with 5--15 nA of APDC, but not with higher doses ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). Thus, low doses of APDC increased firing and enhanced spatial tuning, whereas these effects eroded at higher doses.

### Replication of low-dose enhancing effects with an additional mGluR2/3 agonist

The effects of APDC were compared with another mGluR2/3 agonist, LY379268 (*n*=19). Similar to APDC, low doses of LY379268 (5--15 nA) enhanced Delay cell firing for the neurons' preferred direction ([Figure 3e](#fig3){ref-type="fig"}; *t*~dep~(18)=−4.612, *P*\<0.001). The increased firing was very specific for the preferred direction ([Figure 3e](#fig3){ref-type="fig"} and [Supplementary Figure 4a](#sup1){ref-type="supplementary-material"}; repeated two-way ANOVA, F~direction\ ×\ drug~(1,18)=29.107, *P*\<0.001), leading to enhanced spatial tuning and *d*′ ([Supplementary Figure 4b](#sup1){ref-type="supplementary-material"}; *t*~dep~(18)=−3.644, *P*=0.002).

Higher doses of LY379268 (30--60nA) had a mixed effect on neuronal firing (*n*=13), causing reductions in a subset of cells but nonspecific increases in others, and thus at the population level maintained the enhancing effect on Delay cell firing compared with Control condition ([Supplementary Figure 4a](#sup1){ref-type="supplementary-material"}; *t*~dep~(12)=--2.355, *P*=0.036). However, higher doses of LY379268 eroded the improving effect of low dose on spatial tuning, causing the *d*′ to fall to the level that was not significantly different from the Control condition ([Supplementary Figure 4b](#sup1){ref-type="supplementary-material"}; *P*\>0.9), thus compromising the specificity of working memory representations. The nonspecific actions of LY379268 at high doses may arise from its off-target interactions with the dopamine system,^[@bib55]^ but this issue remains controversial^[@bib56],\ [@bib57]^ and there may be other possibilities underlying the mixed effect at high doses.

### mGluR2/3 antagonist reverses APDC beneficial actions

To test for actions at mGluR2/3, we challenged low doses of APDC with the mGluR2/3 antagonist, LY341495. Co-iontophoresis of LY341495 reversed the enhancing effects of APDC on Delay cell firing ([Figures 4a and b](#fig4){ref-type="fig"}; *n*=13). Low doses of APDC (5--15 nA) significantly enhanced Delay firing for the neurons' preferred directions (*t*~dep~(12)=−4.258, *P*=0.001), and this increase was reversed by coapplication of LY341495 (10--15 nA) (*t*~dep~(12)=3.998, *P*=0.002). These results are consistent with drug actions at mGluR2/3.

### cAMP analog reverses the enhancing effects of mGluR2/3 stimulation

mGluR2/3 typically act via Gi/Go to inhibit cAMP-PKA signaling. Previous findings have shown that inhibiting cAMP signaling closes cAMP/PKA-regulated potassium channels and enhances Delay cell firing.^[@bib35]^ Thus, we examined whether the enhancing effects of APDC could be reversed by increasing cAMP-PKA signaling with 8-Br-cAMP, a cell-permeable cAMP analog and an activator of PKA ([Figures 4c and d](#fig4){ref-type="fig"}; *n*=7). As predicted, low doses of APDC (5--15 nA) significantly enhanced Delay firing for the preferred directions (*t*~dep~(6)=--4.107, *P*=0.006), and subsequent co-iontophoresis of 8-Br-cAMP (10 nA) significantly reversed the enhancing effects of APDC (*t*~dep~(6)=3.223, *P*=0.018). When tested separately, 8-Br-cAMP (10 nA) on its own had no significant effect on neuronal firing ([Supplementary Figure 5](#sup1){ref-type="supplementary-material"}). Thus, the reversal of APDC's enhancing effect with 8-Br-cAMP at 10 nA was not simply an additive effect of combined drug actions. These data support a physiological interaction between mGluR2/3 and cAMP signaling. The results indicate that the enhancing effects of mGluR2/3 stimulation are likely due to inhibition of cAMP-PKA signaling.

### Summary of physiological findings

In summary, mGluR2/3 stimulation produced an inverted-U dose--response on neuronal firing, where low doses of agonists enhanced, and high doses eroded, neural representations of visual spatial working memory. The increased Delay cell firing following mGluR2/3 stimulation involved inhibition of cAMP-PKA signaling, consistent with strengthened dlPFC network connections.

mGluR2/3 agonists enhance working memory performance in both primates and rodents
---------------------------------------------------------------------------------

The electrophysiological data suggest that low doses of mGluR2/3 agonist should improve working memory performance. This hypothesis was tested with systemic administration of drugs in monkeys, and intra-PFC infusions in rats.

### Systemic administration of mGluR2/3 agents in monkeys

The effects of APDC on spatial working memory performance were examined in young adult and aged monkeys (*n*=17). Similar to its effects on dlPFC Delay cells, APDC produced an inverted-U dose--response on behavioral performance ([Figure 5a](#fig5){ref-type="fig"} shows the dose--response curves of two individual monkeys). The inverted-U drug effect was also observed at the population level ([Figure 5b](#fig5){ref-type="fig"}). Lower doses of APDC (0.0001--0.01 mg kg^−1^) significantly improved accuracy (Huynh--Feldt-corrected repeated one-way ANOVA, F(2.018, 32.293)=3.38, *P*=0.046), with all doses improving working memory performance (vehicle vs APDC 0.0001 mg kg^−1^: *t*~dep~(16)=−2.75, *P*=0.014; vehicle vs APDC 0.001 mg kg^−1^: *t*~dep~(16)=−3.643, *P*=0.002; vehicle vs APDC 0.01 mg kg^−1^: *t*~dep~(16)=−2.349, *P*=0.032).

At higher doses (0.02--0.1 mg kg^−1^), the effects of APDC were mixed, with some monkeys being improved, and others impaired or unchanged, leading to a nonsignificant result (Huynh--Feldt-corrected repeated one-way ANOVA, F(3.569,57.097)=0.903, *P*=0.459). A subset of monkeys were given higher doses of APDC (0.5--1.0 mg kg^−1^); these doses also had mixed effects on working memory performance (*P*\>0.1). There was no evidence of age-related differences in drug potency or efficacy (*P*\>0.1), and no side effects were observed even after high doses of APDC. Improvement was found with either oral or intramuscular routes of administration.

The beneficial effects of low doses of APDC were challenged with the mGluR2/3 antagonist, LY341495, to test for drug actions at mGluR2/3 (*n*=10). A dose of APDC that produced replicable improvement in working memory performance was identified for each monkey, and this dose was then challenged with LY341495. Pre-treatment with LY341495 blocked the enhancing effects of APDC, consistent with drug actions at mGluR2/3 ([Figure 5c](#fig5){ref-type="fig"}; repeated two-way ANOVA, F~APDC\ ×\ LY34~(1,9)=20.017, *P*=0.002).

The behavioral effects of APDC were compared with the mGluR2/3 agonist LY379268 (*n*=15). LY379268 also produced an inverted-U dose--response on working memory performance ([Figures 5d and e](#fig5){ref-type="fig"}). Lower doses (0.0001--0.01 mg kg^−1^) significantly improved accuracy (repeated one-way ANOVA, F(3,42)=2.972, *P*=0.042), with significant improvements at 0.01 mg kg^−1^ (*t*~dep~(14)=−3.079, *P*=0.008). Higher doses of LY379268 (0.02--0.05 mg kg^−1^) had mixed, nonsignificant effects on performance (repeated one-way ANOVA, F(4,56)=1.914, *P*=0.121). As with APDC, there was no difference in drug potency between young vs aged monkeys (*P*\>0.1). However, in contrast to APDC, high doses of LY379268 often produced nausea/vomiting ([Figure 5d](#fig5){ref-type="fig"}, marked with \#), which may be related to the drug acting as a dopamine D2 receptor agonist at high doses.^[@bib55]^ These side effects were not observed following the low, enhancing doses, but precluded drug testing of doses \>0.05 mg kg^−1^. As with APDC, the beneficial effects of low doses of LY379268 were replicated, and were blocked by pre-treatment with the mGluR2/3 antagonist, LY341495 ([Figure 5f](#fig5){ref-type="fig"}; repeated two-way ANOVA, F~LY37\ ×\ LY34~(1,4)=24.575, *P*=0.008).

### Intra-PFC infusion of mGluR2/3 agonist in rats

Last, we examined the effects of intra-PFC infusions of mGluR2/3 agonist in rats performing a T-maze spatial working memory task (*n*=10). Local infusion of APDC into prelimbic PFC produced an inverted-U dose--response on working memory performance ([Figure 5g](#fig5){ref-type="fig"}; repeated one-way ANOVA, F(3,21)=7.685, *P*=0.001; quadratic trend, F(1,7)=13.324, *P*=0.008). A very low dose of APDC (0.0001 μg/0.5 μl, which is 1.15 μ[m]{.smallcaps}) significantly enhanced working memory performance (*t*~dep~(9)=−3.539, *P*=0.006), but this beneficial effect was eroded at a higher dose (0.01 μg/0.5 μl, which is 115 μ[m]{.smallcaps}; *t*~dep~(8)=3.278, *P*=0.011).

### Summary of behavioral findings

In summary, administration of mGluR2/3 agonists produces an inverted-U dose--response at the behavioral level as well, with low doses enhancing working memory performance in both rodents and primates.

Discussion
==========

Summary
-------

Here we report a novel mGluR2/3 mechanism in the primate dlPFC circuits directly relevant to higher cognitive function. Previous research has focused on presynaptic and glial localization/actions of mGluR2/3, which reduce glutamate levels in the synapse, and reduce neuronal firing. Our data reveal that, in layer III of primate dlPFC, mGluR2/3 are also expressed postsynaptically in the axospinous synapse. Pharmacological stimulation of mGluR2/3 in primate dlPFC also had an unexpected excitatory effect. It caused an inverted-U dose--response on Delay cell firing, where low doses of mGluR2/3 agonists increased firing and enhanced the persistent representations of visuospace, whereas higher doses had no effect or eroded representations. These physiological findings were echoed in the behavioral data, where systemic administration of mGluR2/3 agonists similarly produced an inverted-U shaped dose--response. Low doses of mGluR2/3 agonists significantly improved performance in working memory task, whereas higher doses had inconsistent effects on behavior. As clinical trials of mGluR2/3 agonists in patients with schizophrenia have used higher doses with mixed effects, these data in monkeys suggest that dose range may be a key factor for a more precise targeting of drug actions within the circuitry and thus for developing mGluR2/3 agonists as cognitive enhancers.

mGluR2/3 and the glutamate hypothesis of schizophrenia
------------------------------------------------------

Systemic administration of NMDAR antagonists has become a widespread animal model of schizophrenia, as these agents can mimic many symptoms of the illness.^[@bib58]^ Historically, studies of rodent PFC have shown disinhibited neuronal firing and increased glutamate release following systemic blockade with NMDAR antagonists.^[@bib23]^ These rodent studies generally sampled from layer V neurons, which are the most prevalent in rodent PFC (see below). mGluR2/3 agonists were conceptually designed to attenuate these high levels of glutamate efflux and to protect against *overexcitability*. However, recent evidence suggests that layer III dlPFC pyramidal cells are not metabolically overactive, but rather are *underactive* in schizophrenia,^[@bib59]^ consistent with loss of spines and reduction in recurrent excitatory firing in these critical layer III microcircuits.^[@bib38],\ [@bib41]^ Similarly, Delay neurons in monkey dlPFC show *reduced* firing, not increased firing, following NMDAR blockade (local or systemic).^[@bib32]^ Thus, efforts to reduce glutamate release in these circuits would likely worsen rather than ameliorate cognitive deficits. The current study indicates that mGluR2/3 stimulation may still benefit these circuits, but by increasing firing and enhancing neural representations, presumably through postsynaptic drug actions.

Postsynaptic mGluR2/3 may contribute to the enhancing effects on Delay cell firing
----------------------------------------------------------------------------------

Our electron microscopic data demonstrate the postsynaptic localization of mGluR2/3 in spines of layer III pyramidal cells, often near the calcium-storing spine apparatus.^[@bib60]^ Postsynaptic, Gi-coupled receptors can strengthen synaptic efficacy and enhance Delay cell firing by closing potassium channels (HCN, KCNQ) whose open state is increased by cAMP-PKA signaling.^[@bib35],\ [@bib50]^ As mGluR2/3 couple to Gi/Go,^[@bib26]^ postsynaptic mGluR2/3 may reduce cAMP production, close cAMP/PKA-regulated potassium channels and enhance Delay cell firing. Consistent with this hypothesis, we found that low doses of mGluR2/3 agonists enhanced Delay cell firing, and that these effects were reversed by 8-Br-cAMP, which increases cAMP-PKA signaling. Although there are currently no available experimental techniques to allow us to definitively demonstrate that the enhancing effects of mGluR2/3 agonists arise from stimulation of postsynaptic receptors, the current data are consistent with this hypothesis.

In contrast, when doses of mGluR2/3 agonist were raised, there was a loss of Delay cell firing. This reduction in firing with higher doses is likely due to drug actions at receptors on the glutamatergic axon and/or perisynaptic astrocytes, where mGluR2/3 stimulation reduces glutamate release^[@bib61],\ [@bib62],\ [@bib63]^ and increases glutamate uptake,^[@bib28]^ respectively. These effects appear to be less responsive to drug than the potent, postsynaptic actions. The increased sensitivity of postsynaptic actions has been seen in previous studies as well,^[@bib35]^ and may be due to the amplification produced by the positive feedback nature of cAMP-calcium signaling in spines within a recurrent excitatory circuitry. Thus, small changes in cAMP signaling in spines may be amplified to have large effects on physiology and behavior, whereas presynaptic actions may have a more linear relationship to dosage.

Apparent species differences in mGluR2/3 signaling in primates vs rodents
-------------------------------------------------------------------------

Previous physiological and biochemical studies in rodent PFC have found that mGluR2/3 stimulation reduces glutamate release and decreases excitation of the postsynaptic neuron.^[@bib23],\ [@bib27],\ [@bib61],\ [@bib62]^ Although these findings are consistent with our high-dose APDC data, they are at odds with our findings that low doses of mGluR2/3 agonists increase neuronal firing. There are several possible explanations for the discrepancy between the rodent literature and the current data from primates. First, there may be true species differences, where rodent PFC has mostly presynaptic mGluR2/3, and very limited postsynaptic mGluR2/3 component. However, our infusion data in rodent PFC suggest that a very low dose of mGluR2/3 agonist can enhance working memory performance, similar to monkey. Thus, apparent species differences may actually be dose differences. Another possibility is that discrepancies arise from laminar differences: the primate dlPFC has a very large layer III and smaller layer V, whereas in rodent PFC, layer V is very extensive and layer II/III is sparse.^[@bib24]^ Thus, assays of rat PFC generally sample from layer V. Layer V cells in monkeys ('Response cells') are regulated differently than Delay cells,^[@bib64],\ [@bib65]^ and more similarly to rodent layer V neurons.^[@bib32]^ For example, systemic administration of an NMDAR antagonist in primate increases the firing of Response cells, but uniformly reduces the firing of layer III Delay cells. Thus, the disproportionate sampling of layer V cells in rodents may generate the illusion of species differences. However, since it is these newly evolved layer III circuits that are of particular relevance to cognitive disorders in humans, these neurons should be a focus of mechanistic, translational studies.

Potential of mGluR2/3 agonist for treating cognitive disorders in humans
------------------------------------------------------------------------

The findings of this work encourage the use of mGluR2/3 agonists for treating cognitive dysfunction in schizophrenia and aging. Studies of monkeys revealed that cAMP signaling becomes disinhibited in the aging dlPFC from reduced phosphodiesterase 4A expression, decreasing Delay cell firing and increasing tau phosphorylation.^[@bib37],\ [@bib66]^ Studies of aging human dlPFC found reduced expression of mGluR2/3,^[@bib22]^ which may also contribute to disinhibited cAMP signaling with advancing age. As we observed that low doses of mGluR2/3 agonists improved working memory performance in aged monkeys with no obvious side effects, low doses of mGluR2/3 agonists may have therapeutic potential for treating age-related cognitive disorders.

The mGluR2/3 agonist, pomaglumetad methionil (LY2140023), has already been tested for antipsychotic actions in patients with schizophrenia, with mixed results.^[@bib3],\ [@bib4],\ [@bib5],\ [@bib6],\ [@bib7]^ The doses tested in these studies (\~0.05--1.4 mg kg^−1^) were higher compared with the APDC beneficial doses in the current study (0.0001--0.01 mg kg^−1^), suggesting that the dose may have been a factor in the mixed response. Consistent with this hypothesis, a new, exploratory meta-analysis of the clinical trials showed that the low dose, but not the high dose, of LY2140023 improved patients who were early in the disease.^[@bib5]^ Our data suggest that these low, beneficial doses may have engaged postsynaptic receptors on dendritic spines, and that patients with more long-standing illness may have lost these spines and thus lost the substrate for the drug's therapeutic actions. It is hoped that future research can better isolate the beneficial effects of mGluR2/3 agonists at postsynaptic receptors, for example, by dissecting mGluR2 vs mGluR3 actions in primate dlPFC. Indeed, genetic variations in GRM3, but not GRM2, are associated with schizophrenia, and with altered dlPFC activation and lower performance during cognitive tasks.^[@bib9],\ [@bib11],\ [@bib18]^ Studies using knockout animals also suggest that mGluR3 depletion leads to working memory impairments in mice.^[@bib67],\ [@bib68]^ Interestingly, methylation of the promoter region of GRM2, which reduces mGluR2 expression, lowers the risk of schizophrenia.^[@bib69]^ It is likely that mGluR2 and mGluR3 differ in their subcellular localization in dlPFC, for example, our preliminary data indicate that neuronal mGluR3 may be localized primarily at postsynaptic sites, whereas neuronal mGluR2 may have a presynaptic focus, and thus have distinct roles in working memory circuits. The ability to strengthen postsynaptic connections in layer III dlPFC working memory circuits, without reducing glutamate availability in these circuits, may produce a more robust enhancement of cognition that facilitates translation for human use.
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![The experimental paradigm and working model. (**a**) The oculomotor delayed response task. The monkey fixates at a central point, and a visual cue appears at one of eight possible locations for 0.5 s. The monkey must remember the location over a delay period (2.5 s) and make a saccade to the correct location for juice reward. The cued location varies randomly from trial to trial. (**b**) A typical Delay cell, with spatially tuned persistent firing across the delay period in the neuron's preferred direction (180°) but not for other nonpreferred directions (e.g. 0°). (**c**) Working model of mGluR2/3 (metabotropic glutamate receptor) actions on a layer III dorsolateral prefrontal cortex (dlPFC) glutamatergic synapse. Postsynaptic mGluR2/3 (green) reside near the synapse and the calcium-storing spine apparatus (asterisk). They inhibit cAMP production, close hyperpolarization-activated cyclic nucleotide-gated (HCN) and Kv7 (KCNQ) channels, strengthen synaptic efficacy and enhance Delay cell firing. In contrast, mGluR2/3 receptors on axon terminals and astrocytes (red) reduce glutamate release and increases glutamate uptake, reducing Delay cell firing.](mp2016129f1){#fig1}

![Subcellular localization of mGluR2/3 (metabotropic glutamate receptor) in primate dorsolateral prefrontal cortex (dlPFC). Color-coded arrowheads point to immunogold labeling in axons (red), spines (yellow) and astrocytes (blue). (**a** and **b**) Presynaptic mGluR2/3 are present on extrasynaptic and perisynaptic membranes (**a**) and within the synapse *per se* (**b**) in glutamatergic-like axospinous synapses. (**c** and **d**) Postsynaptic mGluR2/3 on spine membranes appear perisynaptically (**c**) and in association with the spine apparatus (asterisk; **c** and **d**). Intervaricose axons in (**c**) are also labeled. (**e**) Both pre- and postsynaptic mGluR2/3 in a single axospinous synapse. Here the receptors are on the perisynaptic membranes flanking the glutamatergic-like asymmetric synapse. (**f**) mGluR2/3 are commonly expressed in astrocytic processes ensheathing glutamatergic-like synapses. (**g**) Quantitative assessment of the prevalence of mGluR2/3 in various cellular profiles in layer III of the dlPFC neuropil; expressed as mGluR2/3 profile (e.g. axon) per total mGluR2/3 profiles. Besides the proverbial axonal and glial mGluR2/3, the data establish mGluR2/3 postsynaptic expression in spines, and occasionally the shafts of dendrites. Non-determined (ND) are profiles that could not be unequivocally identified. as, astrocyte; ax; axon; den, dendrite; sp, spine; synapses are between black arrows. Scale bars: 200 nm.](mp2016129f2){#fig2}

![mGluR2/3 (metabotropic glutamate receptor) stimulation had an inverted-U effect on Delay cell firing. (**a**) Example of a Delay cell where APDC had an inverted-U effect on neuronal firing. APDC at 15 nA increased Delay cell firing and spatial tuning (*d′*), leading to enhanced neuronal representation of visuospace. APDC at 60 nA eroded the enhancing effects of low dose. For each condition, left panel is the neuron's preferred direction; right panel is the nonpreferred direction; upper panel is rastergram, with each row as a single trial and each short line as a spike; lower panel is histogram with timebins of 50ms. (**b**) Population histogram of 43 Delay cells in Control and APDC low-dose condition; mean±s.e.m. APDC at a low-dose range (5--15 nA) preferentially enhanced Delay firing for the neurons' preferred directions. (**c** and **d**) Population Delay firing (**c**) and *d′* (**d**) in Control, APDC low-dose and APDC high-dose condition; mean±s.e.m. Low dose of APDC (5--15 nA) significantly enhanced Delay firing and spatial tuning (*n*=43); high dose (20--100nA) eroded the enhancing effect of low dose (*n*=16), and thus is not different from Control condition. (**e**) Population histogram of 19 Delay cells in Control and LY379268 low-dose condition; mean±s.e.m. LY379268 at a low-dose range (5--15 nA) specifically enhanced Delay firing for the neurons' preferred but not nonpreferred directions.](mp2016129f3){#fig3}

![mGluR2/3 (metabotropic glutamate receptor) antagonist or cAMP analog reversed the enhancing effects of mGluR2/3 stimulation. (**a** and **b**) Population histogram (**a**) and Delay firing (**b**) of 13 Delay cells in Control, APDC low-dose and LY341495+APDC low-dose condition; mean+s.e.m. Low doses of APDC (5--15 nA) significantly enhanced Delay firing, and the increase was reversed by coapplication of the mGluR2/3 antagonist, LY341495 (10--15 nA), consistent with APDC actions on mGluR2/3. (**c** and **d**) Population histogram (**c**) and Delay firing (**d**) of 7 Delay cells in Control, APDC low-dose and 8-Br-cAMP+APDC low-dose condition; mean+s.e.m. Low doses of APDC (5--15 nA) significantly enhanced Delay firing, and the increase was reversed by coapplication of 8-Br-cAMP (10 nA), indicating that mGluR2/3 act by inhibiting cAMP signaling.](mp2016129f4){#fig4}

![mGluR2/3 (metabotropic glutamate receptor) agonists enhanced working memory performance in primates and in rodents. mGluR2/3 agonists have inverted-U effects on working memory performance. (**a**) Dose--response curves of a young adult and an aged monkey to APDC. (**b**) Average response of 17 monkeys to APDC; mean±s.e.m. \**P*\<0.05; \*\**P*\<0.01 compared with vehicle. (**c**) The replicable, enhancing effects of APDC were reversed by pre-treatment with LY341495 (*n*=10). LY341495 alone did not change performance compared with vehicle (*P*\>0.5). (**d**) Dose--response curves of a young adult and an aged monkey to LY379268. \#=doses causing nausea/vomiting. (**e**) Average response of 15 monkeys to LY379268; mean±s.e.m. \*\**P*\<0.01 compared with vehicle. (**f**) The replicable, enhancing effects of LY379268 were reversed by pre-treatment with LY341495 (*n*=5). LY341495 alone did not change performance compared with vehicle (*P*\>0.1). (**g**) Average response of 10 rats to intra-PFC infusion of APDC; mean±s.e.m. Low (0.0001 μg/0.5 μl) but not high (0.001--0.01 μg/0.5 μl) doses of APDC significantly enhanced working memory performance.](mp2016129f5){#fig5}
